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Abe  t  ract 


In  1989  a  DU RIP  grant  ^  or  scientific  equicnent  was  awarded 
to  the  Department  of  Physics  of  the  Michigan  Tsrhnologica1 
University  with  Professor  £.  A.  Marshall  to  be  rrinci pal 
investigator .  This  grant,  in  the  amount  of  $125,000,  was 
administered  through  the  Office  of  Naval  Research  with  Dr. 

Gabriel  Roy  the  grant  monitor.  Its  purpose  was  to  modernise  and 
up  grade  scientific  equipment  used  by  research  oriented 
universities  having  DoD  contracts.  In  additic-,  the  funds  f or 
this  grant  were  to  be  used  to  further  the  ef f o_ts  of  the  0  *  *  ice 
of  Naval  Research  contract  No.  N00014-89-J-1S65  issued  b the  . 
The  purpose  of  this  contract  was  to  establish  a  noninvasive 
experimental  methodology  for  determining,  (a)  tensity,  (b) 
velocity,  and  (c)  vorticity  of  a  flowing  mediu~  using  the  methods 
of  electron  paramagnetic  resonance  imaging.  To  develop  th-'s 
methodology,  specialized  equipment  was  purchased  for  the  purpose 
c  +  constructing  a  pulsed  c-  time  domain  e'ectrcn  paramagnetic 
-esonance  spectrometer.  Such  a  spectrometer  is  now  in  partial 
operation  and  work  has  begun  on  an  up  dated  ve'sion .  A  total  of 
$144,533  has  beer,  expended  on  equipment  fc~  th-'s  s  pect  romet  e-  and 
its  associated  signal  processing  equipment.  T~s  excess  $9,533 
supplied  was  made  up  by  funds  taken  from  the  ice  of  Naval 
Research  contract  No.  N 0 0 0 1 4 - 8 9 - J - 1  9 6 6 . 
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Discuss i on 


The  purpose  of  this  research  effort  is  to  establish  a 
methodology  for  determining  certain  dynamical  parameters  of  a 
compress i b 1 e  fluid  in  motion.  It  is  supported  by  the  Office  of 
Naval  Research  under  contract  No.  N 0 0 0  1  4 -8 9- J -  1  9 5 6 .  These 
dynamical  flow  parameters  are:  (a)  density,  (b)  velocity,  and  (c) 
vcticity .  It  is  intended  that  these  three  parameters  be 
determined  at  sufficient  number  of  fluid  volume  cells,  voxels,  to 
provide  useful  information  on  flow  dynamics.  These  voxels  are  to 
os  taken  at  points  in  planes  perpendicular  to  the  flow  axis, 
tomes,  with  the  tomes  distributed  contiguously  along  the  flow 
d-'rection.  The  widths  of  the  tomes  are  to  be  determined  by 
demands  on  the  grain  details  of  the  flow  characteristics . 

At  the  present,  one  result  of  our  experiments  on  the  imaging 
of  molecular  oxygen  under  static  fluid  conditions  is  that  a  high 
duality  image  of  gaseous  molecular  oxygen  having  a  slice 
thickness  of  C.1  m-'  1  1  imeter  on  109  micrometers  can  bs  obtained. 
However  the  cost  in  data  accumulation  time  and  computer  imaqe 
data  processing  time  is  of  the  order  of  eicHt  o~  so  hours,  which 
- s  considerable .  If  image  quality  and  cel Tjlar  resolution 
r equ i rements  are  relaxed  we  estimate  that  t ome  thickness 
resolutions  of  the  order  of  1.0  millimeter  can  be  achieved  in  a 
matter  of  a  few  hours.  It  should  be  mentioned  that  these 
c-eliminary  results  on  spatial  resolution  and  cata  a ccumu ' a t ' r n 
time  estimates  are  based  upon  our  former  use  o*  frequency  aomain 
spectroscopy  or  C W  spectroscopy. 

The  matter  of  spatial  resolution  is  based  upon  the  quality 
c*  gradient  magnetic  field  coil  design  and  coi 1  performance.  As 
c *  this  report,  our  gradient  magnetic  field  coils  we-e  designed 
*cr  our  former  frequency  domain  spectrometer.  "■lore  sophisticated 
gradient  magnetic  field  coils  are  in  the  process  of  being 
designed  and  constructed.  These  new  or  smart  coils  would  be  used 
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a'ong  with  cur  new  time  domain  spectrometer.  Smart  gradient 
--ugnetic  t e 1  d  coils  are  designed  to  produce  highly  uniform 
gradient  magnetic  fields  over  a  significant  region  of  the 
specimen  volume  and  close  to  zero  magnetic  field  oven  the  same 
volume,  that  is,  in  much  the  same  manner  as  a  Helmholz  coil  do 
cut  with  greater  efficiency. 

Frequency  domain  spectroscopy  generally  requires  data 
accumulation  t i mes  of  the  order  of  several  minutes  for  each  back 
projection  and  as  many  as  18C  to  360  back  projections  for  per 
tome.  Typically,  our  most  efficient  data  taking  procedures  have 
taken  as  long  as  eight  hours  per  tome  with  azimuthal  angle 
increments  of  one  to  two  degrees  of  arc.  The  principal 
ccttleneck  in  this  process  of  data  accumulation  is  (a)  that  of 
reorienting  the  magnetic  field  direction  so  as  to  p-ovide 
azimuthal  angle  i nc remen ts  and  (b)  that  of  scanning  through  t ho 
""equency  c-  magnetic  field  domain  of  a  resonance  absorption 
*  i  n  e  . 

Many  c f  these  difficulties  can  be  avoided  through  the  use  of 
t-'me  domain  spectroscopy.  Using  this  technique,  spectral  data 
c :.  n  be  obtained  from  either  the  Free  Induction  Decay  signs1  ,  Flu. 
c  ”  from  the  electron  s  p  n  echo  signal  of  an  electro”  spin  system, 
'here  is  sf-’ 11  a  more  compelling  reason  for  going  over  to  time 
domain  spectroscopy  and  thereby  abandoning  frequency  domain 
spectroscopy.  The  reason  is  that  the  ultimate  goal  of  this' 
project  is  to  establish  a  methodology  for  determining  flow 
parameters,  these  being,  density,  velocity,  and  vorticity 
rroquer.cy  remain  spectroscopy  is  basics1  lv  a  c.c.  typ' 
'sasuremprr  which  necessarily  means  that  t'.me  deserter  t  phenomena 
s-e  averaged  out  to  yield  time  averages.  t-T  a  consequence, 
although  f'uid  density  can  be  determined,  neither  the  velocity 
nor  vortic’ty  can  be  determined  by  this  technique.  However, 
these  twe  etter  flow  parameters  can  in  principle  be  determined 
by  electron  spin  echo  spectroscopy .  The  details  of  how  velocity 
and  vorticity  can  be  determined  for  a  fluid  in  motion  have  been 
developed  in  a  previous  report  submitted  to  O.N.R.  contract 
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he .  N00014-89-J-  1966  . 

Figure  1  is  a  schematic  diagram  of  the  electron  spin  echo 
spectrometer.  The  figure  does  not  include  a  diagram  of  the 
g-adient  magnetic  field  coils  required  for  the  production  of  t ome 
images  nor  of  the  pulsed  gradient  field  coils  required  to  develop 
gradient  magnetic  fields  required  for  determining  fl ow  field 
velocities  and  verti cities. 

A  replica  of  an  electron  spin  echo  taken  at  77  K  of  the  EPR 
signal  generated  by  the  free  radical  molecule  ion  CO^  produced 
in  gamma-irradiated  single  crystal  calcium  carbonate  is  presented 
in.  Figure  2a.  This  system  was  chosen  because  of  the  ease  of 
p-'oducing  the  free  induction  decay  signal  as  well  as  the  electron 

3  — 

spin  echo  signal.  At  this  temperature,  the  CO^  molecule  ion 
r as  a  resonance  absorption  line  width  which  is  of  the  order  of 
"15  milligauss,  its  frequency  equivalent  being  45  kilo-Hertz. 
Figure  2a  is  a  photograph  of  the  electron  spin  echo  signal  taken 
^-om  a  digital  oscilloscope.  It  provides  a  record  of  most  of  the 
temporal  parameters  used  to  produce  the  echo  signal.  In 
c - gure  2b,  the  signal  information  captured  by  the  digitizer  is 
transferred  to  a  desk-top  computer.  A  graphics  program  then 
p-oduces  an  x-y  tracing  of  the  signal  captured  by  the  digital 
oscilloscope. 

Further  work  on  the  time  domain  electron  spin  echo 
spectrometer  is  currently  in  progress  and  will  continue  along  the 
1 -nes  of  producing  a  more  flexible  and  versatile  spectrometer 
tailored  to  the  task  of  magnetic  resonance  imaging  and  capturing 
’ ~age  information  required  to  produce  such  three  dimensional  flow 
information  as  fluid  density,  and  such  stream  distribution 
-'.formation  as  velocity  and  vorticity. 

The  principal  investigator  of  this  contract  is  deeply 
grateful  to  the  Department  of  Oefense  and  the  Office  of  Naval 
Research  for  making  this  DURIP  equipment  grant  possible.  In 
particular,  special  thanks  are  directed  to  Dr.  Gabriel  Roy  of  the 
Office  of  Naval  Research  for  having  demonstrated  confidence  in 
the  overall  mission  of  the  project  and  by  complementing  the 
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c^oject's  equipment  a^owance  with  this  grant. 

Further  development  involving  the  use  of  equipment  procured 
by  this  DURIP  grant  for  the  purpose  of  establishing  a  noninvasive 
methodology  for  producing  density,  velocity,  and  vort'city 
information  on  the  stream  field  of  a  fluid  will  be  presented  in  a 
future  progress  report  to  be  delivered  to  the  Office  of  Naval 
Research  for  the  parent  O.N .R.contract  No.  N000  1 4 -89- J -  1 966  . 

On  the  following  pages  an  account  is  given  of  the 
expenditures  committed  to  this  O.N.R.  contract  by  the  DURIP 
*  \ j  n  d  s  . 
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DoD  OURIP  Grant 

No.N00014-89-J-1326,  (MTU  8  881120) 
Company  Name  &  Address  Description 


Cos  t 


d/C • /89 

MTU  Bookstore 

IBM  Proprinte-  X24 

$  505.00 

7/00/89 

Coaxial  Connectors,  Inc. 

89  Hancock  Street 

SMA  plugs  &  jacks 
plus  a  T  adapter 

Braintree,  MA  02184 

617-849-3212 

$  940.00 

1/00/89 

Pasternack  Enterprises 

PO  Box  10759 

Cable,  SMA  male  & 
f ema 1 e  t  y pe 

Irvine,  CA  92714 

(  7  14  ) 26 1  -  1  920 

$  843.50 

7/C  0/8 9 

ARRA,  15  Harold  Court 

X-band  microwave 

Bay  Sho^e,  NY  11706 

phase  shifter' 

$  38C  .  02 

7/CO  /8 9 

Wavel ine  Co . 

Vane-Attenuator 

Box  718 

(8-12.4  GHz ) 

$  2,500.00 

W.  Caldwel 1 ,  NJ  07006 

Waveguide-coax  adapter 

$  370.00 

7/00/89 

Pasternack  Enterprises 
P.O.Box  10759 

Coax  50  ohms  RG  142 

Ser ies  6 " ,  12",  18" 

I rvine ,  CA  92714 

(8  ea ) ,  24",  36"  (2  ea) 

$  642.00 

2/0}  ''°9 

Comlinea'’  Corp 

4800  Wheaton  Drive 

CLC-100  1 ines"  arr1 if ier 
range  plus  SMA- F ev a i e 

Fort  Collins,  CO  80525 

input/output  connectors 

$  722.00 

0/C  ?  /89 

T  ekt  r on i x ,  Inc. 

Osc  1  1  oscope  ,  diq'tal 

$15,500.00 

4660  Churchill  Street 

Amplifier,  DC-1  G.ur 

1  r  q  n  n  nr, 

St .  Paul ,  MM  55 1 26 

Amplifier,  DC -6 00  MHz 

'%  2.552  0" 

6 1 6-484-8571 

Diff  Comp,  DC-150  vHz 

$  3,200  00 

(Education  Contribution 

IBM  utility  for  GDIB 

$  470.00 

from  Tek.  -  $  4,795.00) 

Data  transfer  controller 

$  300.00 

3/00/89 

Davi 1 yo  Corp. 

13406  Staicny  St. 

N.  Hollywood,  CA  91605 

T  u  bes  (15) 

1  -800-235-6222 

$  145.00 

l/Cd  /  8  9 

Polytron  Devices,  Inc. 
P.O.Box  398 

Power  supply  socket  (4) 
Encapsulated  cower  S  (4) 

Patterson,  NJ  07544 

20  1  -34  5-5885 

$  1  6  '  .  0  0 

3/04/89 

M  i  d  i  s  c  o 

61  Mall  Dr-';ve 

Termination,  50  ohm  (SMA) 
Circulators  (SMA)  (10) 

Commack .  NY  11725 

Directional  Couplers  (SMA) 

1-800-637-4353 

0 . C .  B1 oc  k  ( SMA  ) 

$  4,122.00 
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1/0  6  CG  Image  Prc'ce?ri'ng  Software 
64 OQ  Appalachian  Way 
P . 0 . Box  5016 
Mad  iron,  WI  53705 

8/05 / 8 9  Vecktronics 

113  Lincoln  Blvd. 
Middlesex,  NJ  08846 

8/05 '$?  Commercial  Systems 
Houghton,  MI  49931 

5/05  /89  Central  Scientific  Co. 
11222  Melrose  Ave . 

Franklin  Park,  IL  60131 

1/06/89  Edlie  Electronics 

2700  Hempstead  Turnpike 
Li vi town ,  NY  11756 

5/0" '8?  Watkins  Johnson  Co 
3  3  3  3  Hi  1 1 ' ' i e w  Ave. 

Stanford  Industrial  Park 
Palo  Alto,  CA  94304 

5/05  '89  Kenosha  Computer  Center 
2233  91st  Street 
Kenosha.  WI  53140 

5/C5  '59  Horstmann  Software  Corp. 
140  F.  San  Carlos, 

San  Jose,  C£  95150 

5/C:  Mr  Oiqi  Key  Co"c. 

701  Erooks  Ave.,  S . Eox  677 
Theif  R v  r  Fa’ls,  MN  5670  1 

7/09  ''3  9  Commercial  Systems 
Houghton,  MI  49931 

1  / r  '59  C  o m p u r  r Dirt-'  nutor? 

M i dwes  t  Inc. 

2720  S.  Pet  r la  ire;  Ave 
Des  Plains,  IL  60018 
1-800-345-0532 

1/C:  '90  William  A.  Sales  Corp. 

419  Harvester  Court 
Wheeling,  IL  60090 


P  roof  w  niter  V  P  r  O  -*  p  n 
603-233-50?? 

5  Mu... 

Phase  Shifter  (1) 
plus  all  connectors 

201-356-2377  $  1,500.91 

Curtis  Compute1-'  Tool  Kit 

906-4  82-39S0  f  2  2.35 

Gauss  meter.  Hall  effect 
1-800-262-3626 

$  514.25 

Silver  print  (3) 

1  -  800-64  5-4  722 

$  68 .  5  5 

X-band  low  noise 
traveling  wave  tube 
amplifier 


415-492-4141  ext  2391 

$ 

7  ,  145  .  CO 

Intel  math  coprocessor 

1-800-255-2989 

$ 

23  1  .C2 

C  h i W r-te- 

$ 

?  24  .  :  ? 

Parallel  connects" 

male  2  female  (3  ea) 

- 

$ 

3  ?  .  f  ? 

Printer  ribbon  (5) 

906-482-3990 

$ 

3  2." 

C  c  2  v  c ■ 1  r  ci  t  0 

? 

Cq£>  c on n0c  t cr  ( 6  C  ) 

t, 

2  O  t  ‘  ~ 

C  "  '  r  r  ‘.no1  |  1  ' 

« 

•4 

*  o  c  :  - 

Cable  trim  too1  (  1  ) 

$ 

3Q  0  "5 

Tor que  wrench  (  1  ) 

$ 

7  ?  r 

H-cel  1 

708-54 i -  1 300 

$  800.:: 


N  c? w 3  "  k  F  1  ect  pc r>  ’  c  r 
’  b  7  6  Viewpcrd  S  E 
Grand  Rapids,  MI  4  9  5  0  8 


F  o  i  1  f:  h  t  p  I  d  '  n  t  Jn( 
copper  '  (  4  '• 

f  16-455-9198 


Oavi lyn  Cor  p . 

13406  Saticot  Street 
N.  Hollywood,  CA  91605 


Mi  sc.  parts 


Tektronix,  Inc. 
P.O.Box  4800 
Mail  Stop  94-860 
Beaverton,  OR  97076 


Instrument  c  a  - 1  ft" 
esc i  I  1 oscope 
Camera  for  oscilloscope 
F  ■’  1  m  (  3  ) 


Varian  Associates 
811  Hansen  Way , 

Palo  Alto,  CA  94303 


Magnetic  sensor 
(fieldial  Hall  effect) 
1-800-383-7426 


Microwave  Associates 
Sou  t  h  A ve . 

Bur'’ingtor,  MA  01803 

Stanford  Research  Systems 
1  2  9  0  ['  Ream  wood  Ave  . 
Sunnyvale,  CA  94089 

Johnson  Matthey,  Inc. 
AESAR  Group 

892  Lafayette  Rd .  ?cx  ‘08 
Sea  brook.  NJ  0  3874 


OBM  mixer  (coax) 

6  1  7-275-3000 


Time  inter v a  c  o  u n  t  e 
S  P  6  2  0  /  0  1  J 

Oven  timebase  for  above  $ 

Zinc  selenice  (250  grams) 
■'-80  0-  343-1930 


W  a  vote  k  i  r. .  r  -  u  n  z  -  t  •: 
Rockland  Systems 
9045  Balboa  A  ve . 

San  Diene .  CA  9312? 


Gen  -  -  a  •  o  -  ,  C  i  (vi'—.  2 

sweep  f  u.nct  on  ,  Model  33, 
c  ’■  ys  ta1  stabilized, 

L . C .  display  (2  ea)  $  2.784.0 


National  I  n  s  t  r  u.men  t  s 
12109  Technology  Rd . 
Austin,  T  X  7  8  727 


Interface  for  I6V/PS2 
Model  80  ( 2 ; 


$  8  9  1  .  0  0 


EG&G  Princeton  Research 
P.0.8 or  2  5  6  5 


2  channel  A2t  model  4  16  1 A 
1-800-451-5559 


H  o  u  d  C  ■  t  c r :  .  MI  4  9  9  7  1 


l  py  y  — .y 


f  ’  -  n  t  e  • 


90  EG&G  Princeton  Res 
P.O.Box  2565 
Princeton,  NJ  0854 


Mod  e  1  ’"I 3  p  -  s-  -an.: 

Model  4  1  2  1  B  boxc; 
average-  ( 2 : 


}  5.970.0  0 


0 4  /  1  vv  l.tnc  U^A  .  !  nr  .  iDmo  p'luq  ip.-'?, 

■  :  :  1  c',rcc'r' '  C  i  'r  r  1  [■  6  2  c '  ■  h m <■  (  3  0  '  11 

P  .0  .  Pr  -  "i?8  BMC  female--  -•'  = 


S  a  n  t  cj  Rosa.  C  A  95406 

adapter  (10 

i- 

4  0. 

08/  1  C 

/  9  Q 

Stanford  Research  Systems 

Computer  interface  (1) 

% 

1,508.14 

1  290D  Rearrwood  Ave. 

Gated  integrator  & 

Sunnyvale.  CA  94089 

averager  ( 1 1 

$ 

2,998.14 

Detector,  s-gnal  phase 

1  or  kin  w/pre amp .  (  1  ) 

$ 

3  .  0  0  8  .  0  4 

4  channel  d -  a ita1  disc. 

/pulse  qene-’tor  (3) 

t  1 

2.54  "  .  ?  - 

1 1  / 1 : 

'  g  Q 

Wavetek  C c ~ p . 

Generator,  ^odel  8 j9 

P.O.Box  85434 

50  MHz,  programmable 

San  Diego.  CA  94089 

pulse 

$  1 

2,550.00 

-  i  /  ;  • 

'  9  9 

Stantord  Research  Systems 

Time  interva '  counter 

$ 

5 , 4  50  .  0  0 

1  2  9  0  [  Rearrwood  A  v9 

w/oven  timezase,  data 

S  *j  n  n  v  \'  ale.  C  A  9  A  0  P  9 

acqu .  &  c  t  r '  pros. 

$ 

500.0 2 

i  5  /  ■  ' 

C  r' 

Am  o  1  ’■  i  e  r  Researc.n 

A  it:  p  1  i  f  i  e  r  ,  -adic  f  r  e  c 

1  6  2  tcnoc'  Hr  vise  Re  . 

model  1  0W1  0:  I  cont  irrueur 

Souderton,  PA  18964 

1  pulse  powe- 

J; 

7  ,  7  Q  0  .  0  . 

vi,/' : 

'  9  9 

Keor c ,  Inc. 
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